Abstract. Pancreatic cancer is the eighth-leading cause of cancer-associated mortality worldwide. To date, the cellular and molecular mechanisms associated with the invasion and metastasis of pancreatic cancer remain unclear. To examine these mechanisms, a microRNA (miRNA/miR) microarray with 1,965 genes was hybridized with labeled miRNA probes from invasive PC-1.0 and non-invasive PC-1 cells for molecular profiling analysis. In addition, reverse transcription quantitative-polymerase chain reaction (RT-qPCR) was utilized to validate the microarray results. Online miRNA target prediction algorithms online were used to predict the target genes of the differentially expressed miRNAs. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) term enrichment analysis were performed for the potential targets of the differentially expressed miRNAs. The results demonstrated that 54 miRNAs were differentially expressed, of which 33 were upregulated and 21 were downregulated in the PC-1.0 cell line compared with the PC-1 cell line. A total of 6 upregulated miRNAs (miR-31, -34a, -181a, -181b, -193a-3p, and -193b) and 4 downregulated miRNAs (miR-221, -222, -484, and -502-3p) were selected from these 54 miRNAs and validated by RT-qPCR. The differentially expressed miRNAs were further validated by RT-qPCR in the human pancreatic cancer cell lines AsPC-1 (highly invasive) and CAPAN-2 (less invasive). The results revealed that 2 upregulated miRNAs (miR-34a and -193a-3p) and 4 downregulated miRNAs (miR-221, -222, -484, and -502-3p) exhibited a consistent expression pattern between the PC-1.0/PC-1 and AsPC-1/CAPAN-2 pancreatic cancer cells. The GO and KEGG enrichment analysis indicated that the mRNAs potentially targeted by miRNAs were involved in a range of biological functions. These results suggest that different miRNA expression profiles occur between highly and weakly invasive and metastatic pancreatic cancer cell lines, and may affect a variety of biological functions in pancreatic cancer.
Introduction
Pancreatic cancer is the eighth-leading cause of cancer-associated mortality worldwide. The high frequency of pancreatic cancer invasion and metastasis results in an extremely poor prognosis, and is one of the most defining characteristics of pancreatic cancer. The majority of patients are incurable at the time of diagnosis, with a median survival time of <1 year, and a 5-year survival rate of 6% for all stages (1, 2) .
To date, the cellular and molecular mechanisms of invasion and metastasis in pancreatic cancer are incompletely characterized. The identification of the factors associated with differences in the potential for tumor invasion and metastasis may provide useful information for the development of novel therapeutic methods to prevent these outcomes. A number of functional studies have demonstrated that microRNAs (miRNAs/miRs) serve important roles in biological processes that affect tumor progression, including cell differentiation, migration, invasion, metastasis and epithelial-to-mesenchymal transition (EMT) (3) (4) (5) . miRNA expression profiling experiments have been performed regarding a number of different types of cancer and have identified a large number of aberrantly regulated miRNAs that may contribute to carcinogenesis by promoting the expression of proto-oncogenes or inhibiting the expression of tumor suppressor genes, including in pancreatic cancer (6) (7) (8) .
To investigate the mechanisms of invasion and metastasis in pancreatic cancer, two hamster pancreatic cancer cell lines with different potentials for invasion and metastasis following intrapancreatic transplantation, i.e., PC-1, with a low potential, and PC-1.0, with a high potential, were previously established by Egami et al (9) , from a pancreatic ductal carcinoma induced by N-nitrosobis (2-oxopropyl) amine (BOP) in a golden Syrian hamster (10) .
Differential expression profiles of microRNAs in highly and weakly invasive/metastatic pancreatic cancer cells
In the present study, the differential expression of miRNA in the hamster pancreatic cancer cell lines was analyzed utilizing miRNA microarray technology, and verified via RT-qPCR. In addition, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) term enrichment analysis were applied to provide further evidence that the differentially expressed miRNAs were markers for invasion and metastasis in pancreatic cancer.
Materials and methods
Cell lines and cell culture. Two hamster pancreatic cancer cell lines were used, including the weakly invasive, rarely metastatic cell line PC-1, and the highly invasive and metastatic cell line PC-1.0. The PC-1 cell line was established from pancreatic ductal adenocarcinomas induced by BOP in a golden Syrian hamster (9) . The PC-1.0 cell line was established from a subcutaneous tumor produced after the inoculation of PC-1 cells into hamsters (10) . These two cell lines exhibit different growth rates and morphology in vitro: PC-1 cells form island-like cell colonies, whereas PC-1.0 cells primarily grow as single cells (11) . The human pancreatic cancer cell lines AsPC-1 (highly invasive) and CAPAN-2 (less invasive) were also used. CAPAN-2 cells grow primarily as island-like colonies, similar to PC-1 cells, whereas AsPC-1 cells exhibit a growth pattern of single cells, similar to PC-1.0 cells. The PC-1.0 and PC-1 cells were given as a gift from Professor Baba H. The AsPC-1 and CAPAN-2 cell lines were purchased from the Institute of Biochemistry and Cell Biology (Chinese Academy of Sciences, Shanghai, China).
All cell lines were grown in RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin G, and 100 µg/ml streptomycin at 37˚C in a humidified atmosphere of 5% CO 2 and 95% air.
Preparation of total RNA. Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. After TRIzol extraction, RNA was further purified using an RNeasy mini spin column kit (Qiagen, Inc., Valencia, CA, USA). The concentration and quality of the RNA were assessed via spectrophotometry and agarose gel electrophoresis.
miRNA microarray. The miRNA microarray chip version 3.0 (CapitalBio Technology, Inc., Beijing, China) contained 1,965 mature miRNA probes; as the hamster gene sequence was not complete at the time of the study, the microarray chip used in the present study was designed as a mixed gene chip, including 988 human, 350 rat and 627 mouse miRNA genes. A total of 1,965 probes were designed on the basis of the sequences present in the miRBase version 12.0 miRNA database (12) . These probes were labeled onto a 75x25 mm chemically-modified plate using the SmartArray™ microarray system (CapitalBio Technology, Inc.). The samples also contained two endogenous controls (U6, tRNA), eight exogenous controls (Zip5, Zip13, Zip15, Zip21, Zip23, Zip25, Y2 and Y3; Ambion; Thermo Fisher Scientific, Inc.), a positive control (HEX), and a hybridization negative control (50% dimethyl sulfoxide). The control sequences are listed in Table I .
To isolate miRNA, total RNA (40.0 µg) was prepared using the polyethylene glycol (PEG) method; high molecular weight RNAs were removed by precipitation with 12.5% PEG-8000 and 1.25 M NaCl. The remaining RNA molecules were fractionated on a 15% acrylamide gel containing 8 M urea and extracted in water. Subsequently, the isolated miRNAs were dephosphorylated with calf intestinal alkaline phosphatase and labeled with CU-cy3 (green) and CU-cy5 (red; GE Healthcare Dharmacon, Inc., Lafayette, CO, USA), respectively, utilizing T4 RNA ligase to couple the 3' end of the RNAs. The labeled products were isolated, purified and hybridized using a hybridization solution (15% formamide, 0.2% SDS, 3X SSC, 5X Denhardt's solution) at 42˚C overnight. The plate was washed separately with solution I (0.2% SDS and 2X SSC) and solution II (0.2X SSC) for 4 min, dried, and scanned using a LuxScan 10K/A dual pathways laser scanner (CapitalBio Technology, Inc.).
Microarray analysis. miRNA profiles were adjusted with the global mean values to establish uniformity according to the total signal intensity of Cy5 and Cy3. The data were normalized and summarized using the LOWESS method, as previously described (13) . The miRNAs were labeled according to the intensity of the signal and the quality of the image. Signal values >400 and <1,500 or >1,500 were selected. The two iterations of the microarray with different fluorescence labels were integrated as ratio=(ratio 1 x ratio 2) 0.5 ( Fig. 1) . The most significant differentially expressed miRNAs (ratio ≥2 or ≤0.5, and q-value <1%) were identified following the integration. The miRNA probes tested the mature miRNA* and miRNA simultaneously, which originated from the same hairpin miR-precursors. The miRNA labeled with "*" represented a lower expression of miRNA when the miRNA* and miRNA were detected in the same cell line (Table II and III) . Each miRNA gene was in the microarray in triplicate. The data were analyzed using Significance Analysis of Microarrays software (version 3.02) (14) .
Reverse transcription quantitative-polymerase chain reaction (RT-qPCR).
The miRNAs were extracted using the mirVana ™ microRNA isolation kit (Ambion; Thermo Fisher Scientific, Inc.). The miRNA levels were determined using the TaqMan ® MicroRNA Assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The cDNA was amplified using mature miRNA-specific RT primers and TaqMan ® MiRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol.
qPCR was performed on an ABI 7500 Real-Time PCR system using TaqMan 2X Universal PCR Master Mix II and the 20X Small RNA Assay (Applied Biosystems; Thermo Fisher Scientific, Inc.) with a total volume of 20 µl. The amplification reactions were performed in triplicate in a 96-well plate using the following cycle: 10 min at 95˚C, followed by 40 cycles of 15 sec at 95˚C and 1 min at 60˚C. The Cq values were calculated using the ABI Sequence Detection System software version 2.1. The noncoding small nuclear RNA U6 primer (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used as the endogenous control. The relative fold change for each miRNA was calculated using the comparative Cq (2 -ΔΔCq ) method (15) . The primer sequences are listed in Table IV .
Prediction of the target genes of the miRNAs. The target genes of the miRNAs were predicted using miRWalk database v2.0 which integrated several softwares, including DIANAmT (http://diana.pcbi.upenn.edu/cgi-bin/micro_t. cgi/), miRanda (http://www.microrna.org/microrna/home.do), miRDB (http://mirdb.org/miRDB/), miRWalk (http://www. umm.uni-heidelberg.de/apps/zmf/mirwalk/), RNAhydrid (http://bibiserv.techfak.uni-bielefeld.de/rnahydrid/), PICTAR (http://pictar.mdc-berlin.de/), PITA (http://genie.weizmann. a c. i l /pubs/m i r 07/m i r 07_ pre d ict ion. ht m l), R NA 22 (http://cbcsrv.watson.ibm.com/rna22_targets.html), and Targetscan (http://www.targetscan.org). The target genes were designated as predicted downstream mRNAs by >6 softwares. Cytoscape software (version 3.0.0; www.cytoscape.org) was used to illustrate the relationships between miRNAs and predicted downstream genes (16) .
GO analysis. GO analysis was performed to determine the main functions of the putative target genes of the differentially expressed miRNAs using the GO database (http://www.geneontology.org/). The analysis was carried out using the Database for Annotation, Visualization, and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/) with a Q-value statistical test for identifying significantly enriched terms; a final output of P≤0.05 was considered to indicate a statistically significant difference.
Pathway analysis. The putative target genes were analyzed using the KEGG pathway database (17) using DAVID software. Q≤0.05 was considered to represent a statistically significant difference. Cytoscape was used to illustrate the relationship between the miRNAs and KEGG terms.
Statistical analysis. The RT-qPCR data were assessed using an unpaired t-test in SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a significant difference. The Benjamini-Hochberg method was used to adjust the P-values from the GO and KEGG enrichment analyses.
Results

Differentially expressed miRNAs identified by miRNA microarray between PC-1.0 and PC-1 cells.
Of the 1,965 mature miRNAs analyzed in the microarray experiments, 54 were determined to be differentially expressed. Of these, 33 (61.1%) were upregulated in the highly invasive and metastatic cells (PC-1.0) compared with the weakly invasive and metastatic cells (PC-1; Table II ), whereas 21 (38.9%) were significantly downregulated (Table III) . To determine the reliability of the miRNA microarray data, 6 up-regulated miRNAs (miR-31, -34a, -181a, -181b, -193a-3p and -193b) and 4 down-regulated miRNAs (miR-221, -222, -484 and -502-3p), which varied significantly between the PC-1.0 and PC-1 cell lines in the microarray, were selected to be verified by RT-qPCR. The results were similar to those obtained using the miRNA microarray data, supporting the reliability of the expression data (Fig. 2) .
Validation miRNA expression in the AsPC-1 and CAPAN-2 human pancreatic cancer cells using RT-qPCR. The results from the hamster pancreatic cancer cells were different from those in human cancer cells. A total of 6 of the 10 miRNAs had the same expression tendency in the PC-1.0/PC-1 and AsPC-1/CAPAN-2 pancreatic cancer cell lines, including miR-34a, -193a (upregulated), -221, -222, -484 and -502-3p (downregulated; Fig. 3 ).
Prediction of the target genes of the miRNAs.
Various bioinformatic, experimental and combined approaches have been used to identify putative target genes for miRNAs; several databases that used these approaches applied in this study. There were 8,279 intersected target genes for miR-34a, 5,206 intersected target genes for miR-193a-3p, 5,990 intersected target genes for miR-221, 5,942 intersected target genes for miR-222, 8,722 intersected target genes for miR-484 and 4,582 intersected target genes for miR-502-3p. Selected important target genes (including upregulated and downregulated) are listed in Tables V and VI. Cytoscape software was used to illustrate the connections between the miRNAs and target genes (Figs. 4 and 5).
Gene ontology enrichment analysis. To understand the biological functions of the differently expressed miRNAs in different cellular processes, a GO enrichment analysis was performed using DAVID software, including the cellular component, molecular function and biological process categories. The upregulated and downregulated miRNAs were analyzed separately. A total of 254 cellular component terms were enriched in the upregulated miRNAs and 273 in the downregulated miRNAs. Several of the terms were common between upregulated and downregulated miRNAs, including 'nucleus', 'cytoplasm', 'membrane', 'extracellular region', 'Golgi apparatus', 'cytosol', 'endoplasmic reticulum', 'cytoskeleton', 'cell junction', and 'mitochondria'. 'Nucleoplasm' and 'microtubules' were more enriched in the upregulated miRNAs than the downregulated miRNAs. 'Cell-cell adherens junctions' was particularly associated with the upregulated miRNAs, whereas 'tight junctions' was associated with the downregulated miRNAs (Fig. 6) .
A total of 528 GO molecular function terms were enriched in the upregulated miRNAs, and 583 in the downregulated miRNAs. Several of the terms were common between sets, including 'protein binding', 'metal ion binding', 'zinc ion binding', 'nucleotide binding', 'ATP binding' and 'transferase activity'. Several functions were particularly enriched in the upregulated miRNA set, including 'structural constituents of the cytoskeleton', whereas 'MAP kinase kinase activity' and 'fibronectin-binding activity' were more representative of the downregulated miRNAs. 'Tyrosine kinase activity' and 'metallopeptidase activity in transmembrane receptor proteins' were particularly represented in the upregulated miRNAs, and 'JUN kinase activity' was particularly represented in the downregulated miRNAs (Fig. 7) .
With regard to GO biological processes, 1,021 terms were enriched in the upregulated miRNAs and 1,280 in the downregulated miRNAs. As for the cellular component and molecular function categories, several biological processes were in common between the groups, including 'signal transduction', 'cell adhesion', 'apoptosis', 'cell proliferation', 'cell motility', 'anti-apoptosis', 'angiogenesis', 'positive regulation of cell migration' and 'Wnt receptor signaling'. However, 'cell-matrix adhesion', 'cell-cell signaling', and 'cell differentiation' were more enriched in the up-regulated miRNAs than the downregulated miRNAs, whereas 'cell cycle processes' was more enriched in the downregulated miRNAs. In particular, 'cell migration' and 'Notch signaling pathways' were only represented in the upregulated miRNAs, whereas 'positive regulation of epidermal growth factor receptor activity', 'positive regulation of phosphorylation', 'JAK-STAT pathway' and 'negative regulation of phosphorylation' were only represented in the downregulated miRNAs (Fig. 8) .
KEGG enrichment analysis. KEGG is a database of genetic and molecular networks. A total of 91 pathways were associated with the upregulated miRNAs, and 112 with the downregulated miRNAs. There were 74 pathways in common between the upregulated and downregulated miRNAs, including the 'MAPK signaling pathway', 'regulation of actin cytoskeleton', 'Wnt signaling pathway', 'pancreatic cancer', 'colorectal cancer', 'tight junctions', 'p53 signaling pathway', 'gap junctions', 'TGF-beta signaling pathway', 'Notch signaling pathway', 'cell cycle' and 'mTOR signaling pathway'. Furthermore, 16 pathways were associated with only the upregulated miRNAs, and 36 with only the downregulated miRNAs. 'Apoptosis pathway' was particularly enriched in the downregulated miRNAs (Fig. 9) . Cytoscape was used to illustrate the connections between the miRNAs and pathways (Fig. 10 ).
Discussion
The highly (PC-1.0) and weakly (PC-1) invasive and metastatic pancreatic cancer cell lines, which were established from an experimental pancreatic cancer model a previous study (9, 10) , exhibit clearly different potentials for invasion and metastasis (11) . To further investigate the mechanisms of the invasion and metastasis of pancreatic cancer in the present study, highly (AsPC-1) and weakly (CAPAN-2) invasive and metastatic cell lines were selected, as they possess similar biological characteristics to the PC- (26) . Hamster and human genes have a high similarity (27) , which may explain why the RT-qPCR results in human cells were similar to those of the hamster cells. Since the hamster genome sequence was not complete at the time of the study, the microarray chip in the present study was designed as a mixed gene chip, including human, rat and mouse genes. miRNAs with high similarity scores were selected for use in the array experiments, with a focus on human miRNAs, as the ultimate goal was to investigate the mechanisms in humans. To verify the results, RT-qPCR was used to analyze the hamster and human pancreatic cancer cells, with similar results being identified. The PC-1.0 and PC-1 cells were more homologous than the AsPC-1 and CAPAN-2 cell lines, hence why they were selected for microarray analysis instead of the human cell lines. The differentially expressed miRNAs obtained from the PC-1.0 and PC-1 cell lines were validated by RT-qPCR using AsPC-1 and CAPAN-2. It is hoped that the final results of this analysis will contribute to developing novel approaches for clinical therapy.
A total of 2 upregulated miRNAs (miR-34a and -193a-3p) and 4 downregulated miRNAs (miR-221, -222, -484, and -502-3p) were selected and examined between the PC-1.0/PC-1 and AsPC-1/CAPAN-2 cell lines in the present study. The results indicated that miR-34a and -193a-3p may promote the progression of invasion and metastasis in pancreatic cancer, whereas miR-221, -222, -484 and -502-3p may prevent this. To date, several studies have evaluated invasion and metastasis in pancreatic cancers (28-31) ; however, only a few studies reported data regarding the miRNAs identified in the present study. miR-34a is a highly conserved miRNA that is known to be a downstream target of p53, and a tumor suppressor (32). Yang et al (33) observed that miR-34a was significantly upregulated in uveal melanoma via a miRNA microarray. Lee et al (34) reported that miR-222 was upregulated in pancreatic cancer tissue compared with adjacent normal tissue, and was associated with cell proliferation. In addition, miR-221 was reported to be upregulated in pancreatic cancer tissues, cell lines and pre-operative patient blood plasma, and downregulated following surgery (35) . This result was in contrast with the present study. Therefore, more study will be required to evaluate the potential of differentially expressed miRNAs as markers of invasion and metastasis in pancreatic cancer.
The mechanisms associated with invasion and metastasis in pancreatic cancer are complex and incompletely elucidated. In the present study, GO term and KEGG pathway enrichment analyses were used to investigate the differences in the biological functions of highly and weakly invasive and metastatic pancreatic cancer cell lines. The upregulated miRNAs were primarily associated with 'cell-cell adherens junctions', 'metallopeptidase activity', 'cell migration' and 'Notch signaling pathway', whereas the downregulated miRNAs were associated primarily with 'tight junctions', 'JAK-STAT pathway' and 'apoptosis'. The overlap between the up-and downregulated miRNAs may indicate the presence of intricate cross-talk in the regulation of pancreatic cancer. 'MAP kinase kinase activity', for example, was enriched in both up-and downregulated miRNAs. In a previous study, Tan et al (20) demonstrated that MMP-7 was associated with cell dissociation, forming a positive feedback loop with the activation of the epidermal growth factor receptor-mediated MAPK signaling pathway. In the present study, KEGG analysis indicated that 'apoptosis' was predominantly enriched in the downregulated miRNAs. Therefore, we hypothesize that the upregulated miRNAs miR-34a and -193a-3p may be primarily involved in cell-cell adherens junctions, metallopeptidase activity and cell migration, whereas the downregulated miRNAs miR-221, -222, -484 and -502-3p may be primarily associated with tight junctions and apoptosis in pancreatic cancer cell lines.
In conclusion, these results suggest that distinct miRNA expression profiles occur between highly and weakly invasive and metastatic pancreatic cancer cell lines. In addition, differentially expressed miRNAs may be involved in a variety of biological functions and mechanisms in pancreatic cancer. In this context, the identification of invasive and metastatic-specific miRNAs may allow the development of novel therapeutic and diagnostic strategies to target invasion and metastasis in pancreatic cancer.
